Here, we characterized behavioral abnormalities induced by prolonged social isolation in adult rodents. Social isolation induced both anxiety-and anhedonia-like symptoms and decreased cAMP response element-binding protein (CREB) activity in the nucleus accumbens shell (NAcSh). All of these abnormalities were reversed by chronic, but not acute, antidepressant treatment. However, although the anxiety phenotype and its reversal by antidepressant treatment were CREB-dependent, the anhedonia-like symptoms were not mediated by CREB in NAcSh. We found that decreased CREB activity in NAcSh correlated with increased expression of certain K 1 channels and reduced electrical excitability of NAcSh neurons, which was sufficient to induce anxietylike behaviors and was reversed by chronic antidepressant treatment. Together, our results describe a model that distinguishes anxiety-and depression-like behavioral phenotypes, establish a selective role of decreased CREB activity in NAcSh in anxiety-like behavior, and provide a mechanism by which antidepressant treatment alleviates anxiety symptoms after social isolation.
Depression and anxiety are common forms of mental illness in the general population. Although they are classified as distinct syndromes by the Diagnostic and Statistical Manual (American Psychiatric Association), symptoms of depression and anxiety often occur together and to widely varying extents in different subtypes of the illnesses. Despite the importance of these clinical phenomena, very little is known about the distinctions between depression-and anxiety-like symptoms in animal models 1 . Models of 'active' stress, such as foot shock, restraint stress, social defeat and learned helplessness, produce depressionand anxiety-like phenotypes; the molecular mechanisms of these models have been extensively studied, but specific molecular mediators of depression versus anxiety symptoms have not yet been described [2] [3] [4] . Even less well studied, however, is a 'passive' model of stress and social isolation in adulthood, which, as with active stress, mimics aspects of human depression and anxiety 5, 6 . This lack of attention is unfortunate, as social isolation would appear to be particularly relevant to certain subtypes of human depression and anxiety disorders 7, 8 .
Although social isolation has been studied, most models to date have focused on adulthood behaviors after isolation rearing early in life, either as pups or adolescents, which is a very different model than adulthood social isolation 5 . Reports on adulthood isolation provide evidence for a strong anxiety-like phenotype 9, 10 , an increase in alcohol intake 11 , modulation of responses to rewarding stimuli 9, 10, 12 , changes in circadian rhythms 13 and a dampening in running-induced neurogenesis 14 . Although reports on changes in neurochemistry are often conflicting, there appears to be decreased serotonergic and noradrenergic function and metabolism in several brain regions 5 ; however, these changes have not been linked to associated behavioral abnormalities.
Previous work has shown that the activity of the transcription factor CREB in the NAcSh is a key regulator of an animal's responses to emotional stimuli 2, 10, [15] [16] [17] . We recently provided evidence that prolonged social isolation of adult mice and rats induces a state of profound anxiety, which is mediated by decreased activity of CREB in the NAcSh. These anxiety symptoms induced by social isolation are blocked by viral-mediated overexpression of CREB in the NAcSh and local expression of a dominant-negative form of CREB (mCREB) mimics these symptoms in normal animals 10 . Conversely, activation of CREB activity in the NAcSh in response to active stress or to drugs of abuse dampens an individual's responses to both rewarding and aversive stimuli 2, [15] [16] [17] [18] [19] . This has led to the suggestion that CREB induction in this region may mediate a state of emotional numbing and contribute to depression-like symptoms such as anhedonia (decreased ability to experience pleasure) after a period of active stress 20 .
Here, we more fully characterized the behavioral phenotype induced by adulthood social isolation. We found that, despite a decrease in CREB activity in the NAcSh, this form of passive stress also induced symptoms of anhedonia and that chronic administration of a standard antidepressant medication reversed both the anxiety-and depressionlike symptoms, and normalized CREB activity in the NAcSh, seen after social isolation. The anxiety-like symptoms, but not the anhedonia-like symptoms, were directly related to reduced CREB activity in this brain region. We then used DNA expression arrays to gain insight into the molecular mechanisms by which social isolation, antidepressants and CREB regulate NAcSh function. Our data support a scheme whereby downregulation of CREB activity, induced by social isolation, upregulates several K + channels and depresses the excitability of NAcSh neurons, which then leads to anxiety-like symptoms. Together, these results provide information concerning the molecular mechanisms underlying the behavioral consequences of adulthood social isolation and offer insight into the generation of anxiety symptoms seen in affective syndromes.
RESULTS

Behavioral abnormalities induced by social isolation
The first step in this study was to characterize the behavioral phenotypes induced by prolonged social isolation in adulthood. Using classic, validated tests, we found several behavioral abnormalities in isolated compared with control (double-housed) rats ( Fig. 1 ; see also Supplementary Results and Supplementary Fig. 1 online) . These abnormalities included increases in anxiety-like behaviors (as measured by elevated plus maze, open field, locomotor activity and latency to initiate sexual behavior), abnormal locomotor habituation and forced swim behavior, and decreases in natural reward-related behaviors (such as responses to sex and sucrose).
We followed up on the largest magnitude findings, specifically, anxiety-like and natural reward-related deficits, to determine whether they could be reversed by antidepressant treatment. We replicated our earlier finding 10 that social isolation induced increased latency for ejaculation in sexual behavior and found that chronic (28-32 d) treatment with the standard antidepressant medication imipramine (10 mg per kg of body weight per d) in the drinking water (as to not disturb the isolation procedure; see Methods) abolished this impairment in sexual behavior for isolated rats (Fig. 1a) .
However, although chronic imipramine improved the sexual performance of socially isolated rats, the same drug treatment markedly impaired the performance of the control (double-housed) rats (Fig. 1a) . Notably, studies have found a similar parallel in humans, with sexual side effects being seen in nondepressed individuals that are treated with antidepressants, whereas depressed individuals' sexual behavior can actually improve after chronic treatment [21] [22] [23] . In contrast to chronic administration reversing the ejaculation deficits, short-term administration of imipramine (in the drinking water for 5 d) did not influence sexual behavior in either socially isolated or double-housed rats (data not shown).
We next determined whether the anxiety-like phenotype induced by prolonged social isolation in adulthood could also be reversed by antidepressant treatment. We found that isolation-induced anxiety behaviors, as measured in the elevated plus maze, were reversed by chronic imipramine administration, whereas imipramine did not affect the behavior of control rats in this assay (Fig. 1b) .
Increased latency to ejaculation has been associated in animal models with depression-like phenotypes 24, 25 , raising the possibility that this abnormality could represent a symptom of anhedonia that is induced by chronic social isolation. We thus sought to determine whether social isolation induces other anhedonia-like symptoms, such as deficits in sucrose preference, which can be seen after several types of active stress 15, 26 . Social isolation decreased sucrose intake and sucrose preference (Fig. 1c,d ), and this deficit in sucrose drinking was completely restored by chronic administration of imipramine (Fig. 1e,f) . Acute imipramine treatment had no effect on either control or isolated rats (data not shown).
Role of CREB in NAcSh on anhedonia and anxiety behavior Given our prior evidence that prolonged social isolation of CRE (cAMP response element)-LacZ transgenic mice during adulthood decreased CREB activity in the NAcSh compared with group-housed mice 10 , we were interested in asking whether imipramine treatment affected this phenomenon. Chronic administration of imipramine completely restored levels of CREB activity in the NAcSh of isolated CRE-LacZ mice compared with those seen in group-housed controls (Fig. 2) . We were interested to observe, however, that chronic imipramine treatment of group-housed mice significantly decreased CREB activity in this brain region (P o 0.001; Fig. 2) . Activation of the mesolimbic dopamine system has been shown to be important in the response to sex-related environmental cues and in naive and experienced sexual behavior in both male and female rodent models [27] [28] [29] . Previous studies have shown that levels of CREB activity in the NAcSh regulate several emotional responses in normal animals 2, 10, [15] [16] [17] [18] [19] [20] 30 . However, the effects of CREB in the social isolation model have not yet been fully explored. We therefore studied the influence of CREB activity in this brain region on a range of behavioral abnormalities, including sexual behavior, seen after social isolation. We previously showed that herpes simplex virus (HSV)-mediated overexpression of CREB in the NAcSh of isolated animals reversed the increase in anxiety-like behavior exhibited by these animals, but did not influence their latency to ejaculation 10 . However, this method only overexpresses CREB for a few days, whereas chronic imipramine, which reversed the ejaculation latency deficit, restored CREB levels over a much longer time frame. To address this problem, we used AAV (adeno-associated virus) vectors to overexpress CREB in the NAcSh of adult male rats for 4 weeks. Notably, we confirmed that AAV-CREB infection in the NAcSh caused a sustained increase in CREB activity and that this increase was seen during prolonged social isolation, despite the absence of external stimuli (see Supplementary Methods online).
Similar to HSV-CREB overexpression, more prolonged AAV-CREB overexpression suppressed the anxiety phenotype found in isolated rats, as measured in the elevated plus maze (Fig. 3a) and by the latency to initiate sexual behavior (Fig. 3b) , but did not affect the behavior of control rats. We also observed freezing behavior on presentation of the female in control, viral-injected, isolated rats (social isolation/control), an abnormality that was not observed in the other groups of rats (data not shown). Despite these effects, however, AAV-CREB, as with HSV-CREB, did not affect the ejaculation latency in isolated rats (Fig. 3c) , and it did not treat the deficit seen in sucrose preference under these conditions (Fig. 3d) . In fact, AAV-CREB overexpression in the NAcSh of non-isolated control rats decreased sucrose intake (Fig. 3d) , as found previously with HSV-CREB injections 2 .
Regulation of gene expression in NAcSh by social isolation
To gain insight into the molecular basis by which prolonged social isolation in adulthood alters NAcSh function, we first conducted a DNA expression array analysis of socially isolated rats compared with double housed ones. This initial analysis led to several findings, including isolation-induced changes in CREB-related transcription factors (for example, ATF2), several protein kinases (for example, Ca 2+ /calmodulin kinases and Janus kinase) and several types of K + channels (an abbreviated list of regulated genes is provided in Table 1 ; full gene lists are shown in Supplementary Table 1 online). We were interested to note that social isolation upregulated many more genes than it downregulated in the NAcSh. This is similar to active forms of stress, for example, chronic social defeat stress, in which many-fold more genes are upregulated rather than are downregulated, depending on the time period after the last stress 3, 26 .
We next investigated how chronic imipramine treatment or CREB overexpression in the NAcSh modifies these patterns of gene expression in social isolation or control (double-housed) rats. First, there was a marked difference in the number of genes that were affected by (c,d) However, CREB overexpression did not affect the deficit in the ejaculation latency (significant effect of housing, F 1,33 ¼ 37.30, P o 0.001; no significant interaction, n.s., n ¼ 8-11; c) or sucrose intake (1% sucrose solution) (P 4 0.13, n ¼ 13; d). Conversely, CREB overexpression in grouped-housed animals (CON) significantly decreased sucrose intake (CON/GFP versus CON/CREB;* indicates P o 0.05, n ¼ 4).
imipramine or CREB in isolated versus control animals. Under both AAV-CREB and chronic imipramine conditions, double-housed rats showed significant changes (P o 0.05, corrected for multiple comparisons) in the expression of nearly twofold more genes than in socially isolated animals. These observations suggest that there may be epigenetic changes that dampen aspects of gene regulation in the isolation condition. This possibility is supported by the observation that histonemodifying related genes (for example, Hdac4 (histone deacetylase 4) and Smarca2) are upregulated with social isolation. HDACs are known to inhibit gene transcription by removing acetyl groups from histones, thereby tightening histone-DNA interactions and making chromatin less accessible to transcription factors 31 . In addition, HDAC4 has previously been shown to block the rewarding effects of cocaine when overexpressed in the nucleus accumbens (NAc) 32 . These results raise the possibility that some of the behavioral symptoms induced by social isolation may be mediated by regulation of HDAC4 expression. In addition, heat maps highlighted the very different effects induced by chronic imipramine or CREB in the NAcSh of socially isolated versus double-housed rats (Fig. 4a-c) . Overexpression of CREB in the NAcSh of double-housed animals induced a pattern of gene expression that was, in general, opposite to that induced by chronic imipramine in double-housed animals (Fig. 4a,b) . This is consistent with the ability of chronic imipramine to lower CREB activity in the NAcSh of normal animals (see Fig. 2 ) and with prior reports of CREB overexpression in non-isolated animals increasing certain depressive-like behaviors 2, 16, 17 . In contrast, CREB's effects were very different in socially isolated animals. The genes that are upregulated in socially isolated rats compared with those under control conditions are generally opposite in isolated rats treated with imipramine versus control isolated animals. However, isolated rats with CREB overexpression, when compared with isolated rats with GFP (green fluorescent protein, control virus), showed only a partial reversal of the pattern that we observed in the socially isolated rats versus double-housed rats. Together, these patterns of overall gene expression mirror the effects of CREB and imipramine on behavioral phenotypes in isolated and control animals.
These gene sets were next analyzed to identify specific genes that could contribute to the behavioral phenotypes found for social isolation, chronic imipramine treatment and CREB overexpression in the NAcSh. More specifically, it was hypothesized that genes with common regulation changes resulting from both CREB overexpression and chronic imipramine treatment in isolated animals could contribute to the reversal of anxiety-like symptoms seen under both conditions, whereas those genes that are regulated uniquely by imipramine treatment may be involved in reversing reward-related deficits found in the social isolation model (see abbreviated gene lists in Table 1 and full gene lists in Supplementary Table 1) .
Regulation of K + channels by social isolation Among the genes that met these criteria were several types of K + channels; these genes were upregulated in the NAcSh under isolated conditions and this upregulation was blocked by either chronic imipramine treatment or by CREB overexpression in this brain region. Regulation of these same K + channel genes was noted in previous arrays of NAc in bi-transgenic mice that inducibly overexpressed mCREB in this brain region versus their control littermates 33 . This is consistent with lower levels of CREB activity being present after social isolation (see Fig. 2 ). In addition, inducible overexpression of CREB was found to downregulate many of these same channels 33 .
Because K + channel regulation is a crucial determinant of a neuron's electrical excitability, the electrophysiological properties of medium spiny neurons in the NAcSh were examined in isolated versus control rats. NAcSh neurons in brain slices from socially isolated animals showed a small, but statistically significant, hyperpolarization of their resting membrane potential (P o 0.05; Fig. 5a ), as well as decreased excitability (Fig. 5b,c) , which is consistent with an upregulation of K + channels. Using whole-cell current-clamp recordings, we also found that social isolation had no effect on current-voltage relationships under normal recording conditions (data not shown). However, voltage responses to current injection were decreased when Na + and Ca 2+ channels were blocked (Fig. 5d,e) , suggesting that social isolation decreases membrane resistance to K + . We further found that the change in K + -mediated voltage responses was blocked by Ba 2+ , which inhibits K + channels, thereby suggesting that K + channels are an important contributor to the decreased excitability seen after social isolation (Fig. 5f ). This increase in K + conductance and the attendant reduction in NAcSh excitability seen after social isolation, when CREB activity is suppressed in the NAcSh, are consistent with a recent study that directly showed that decreased CREB activity in the NAc has similar effects on NAc neuronal excitability 34 . Notably, we found that the social isolationinduced hyperpolarization in resting membrane potential and decreased excitability were both reversed by chronic imipramine administration (Fig. 5g-i) .
Regulation of anxiety, but not anhedonia, by NAcSh K + channels Given the evidence that K + channel expression is induced in the NAcSh after social isolation, we sought to explore whether the behavioral phenotype of isolated rats could be mimicked in non-isolated rats by artificially overexpressing K + channels and reducing the excitability of NAc neurons. Kir2.1, an inwardly rectifying K + channel, strongly and reliably decreases NAc neuronal excitability and mimics the effects of decreased CREB activity on these neurons 34 . We overexpressed Kir2.1 using an HSV vector in the NAcSh of non-isolated rats. This manipulation caused an anxiety-like phenotype in the elevated plus maze (control, 32.7 ± 8.23 s; Kir2.1, 9.67 ± 3.21 s; P ¼ 0.03, n ¼ 9-12) and in the initiation of sexual behavior (control, 204 ± 47.4 s; Kir2.1, 555 ± 115 s; P ¼ 0.011, n ¼ 7-8). However, HSV-Kir2.1 overexpression in the NAcSh had no effect on other isolation-affected behaviors, including anhedonia-related measures such as ejaculation latency, sucrose preference and the number of intromissions to reach ejaculation (data not shown). The selective effect of Kir2.1 overexpression on anxiety-like symptoms resembles the selective influence of CREB on these behavioral sequelae of social isolation. Our microarray data, along with previous microarray studies 33 , indicated that manipulation of CREB can alter K + channel expression, as mentioned earlier. To further determine whether reductions in CREB activity are sufficient for increasing K + channel expression, we used HSV vectors to overexpress mCREB or b-galactosidase in the NAcSh of non-isolated animals. Using Real-time quantitative PCR (RT-PCR), we found an increase in the expression of Kcnj2 mRNA in mCREB-overexpressing animals compared with b-galactosidase-expressing control animals (b-galactosidase, 1.02 ± 0.0746; mCREB, 1.76 ± 0.248; P ¼ 0.012, n ¼ 8) and a trend for increased levels of Kcnd3 mRNA (b-galactosidase, 1.19 ± 0.137; mCREB, 1.61 ± 0.277; P ¼ 0.07, n ¼ 14-22). In addition, the social isolation condition showed a significant increase in Kcnd3 mRNA levels (control, 1.00 ± 0.0380; social isolation, 1.20 ± 0.0859; P ¼ 0.028, n ¼ 9-10) and trends for increased levels of Kcnj2 (control, 1.02 ± 0.0662; social isolation, 1.38 ± 0.209; P ¼ 0.065, n ¼ 9-10) and Kncs2 (control, 1.04 ± 0.0860; social isolation, 1.26 ± 0.0990; P ¼ 0.062, n ¼ 9-10).
These findings, along with the selective anxiety-like phenotype induced by mCREB overexpression in NAcSh, provide further support for our hypothesis that social isolation increases anxiety-like behaviors via the downregulation of CREB and the subsequent upregulation of certain K + channels in this brain region.
DISCUSSION
Here, we found that prolonged social isolation of adult animals caused reward-related deficits and an anxiety-like phenotype. Both abnormalities were reversed by chronic, but not acute, imipramine treatment. These findings establish adult social isolation as an animal model of depression-and anxiety-like behavior that responds uniquely to chronic antidepressant administration. The generation of animal models of mood disorders that respond, similar to the human conditions, to chronic antidepressant treatment has been a major goal for this field of research 1, 35, 36 . Recent research has shown that noveltysuppressed feeding 37 and social defeat 3 also show unique responses to chronic administration of antidepressants and both of these models involve a combination of depression-and anxiety-like symptoms as well. Social isolation, as described here, represents an additional model; one that is uniquely related to passive as opposed to active stress and is therefore potentially related to subtypes of human depression and anxiety syndromes that are related to isolation. Use of these various models may lead to better therapeutics for the different subtypes of depression and anxiety caused by active versus passive forms of stress.
The results of our study provide information about the molecular basis of the anxiety-like symptoms induced by social isolation. We found that social isolation decreased CREB activity in the NAcSh, an effect that was reversed by chronic imipramine, and that reduced levels of CREB in social isolation mediated the anxiety-like, but not the anhedonia-like, behaviors seen in the isolation model. Thus, overexpression of CREB in the NAcSh of isolated animals reverses only the anxiety-like phenotype and does not affect the deficits seen in reward-related behavior. Conversely, overexpression of the dominantnegative mutant mCREB in non-isolated animals caused only anxietylike behavior and did not result in anhedonia-like symptoms. In fact, previous work has shown that mCREB overexpression in the NAcSh of non-isolated animals increases responses to rewarding stimuli and acts similar to an antidepressant, whereas CREB overexpression decreases reward responses and induces depression-like behaviors 2, 16, 17, 20 . In addition, these overexpression systems modulate anxiety-like behavior in non-isolated animals, with mCREB increasing anxiety and CREB decreasing it 2 . Our working hypothesis is that CREB activity in the NAcSh during social isolation is downregulated to off-set depressive-like molecular mechanisms; however, this decrease in CREB in the NAcSh comes at the cost of a profound anxiety-like effect. Furthermore, our findings support a model in which social isolation decreases CREB activity in the NAcSh, which mediates the increase in anxiety-like behavior, whereas the restoration of CREB activity induced by chronic antidepressant treatment reverses those anxiety symptoms seen in social isolation.
In contrast, the anhedonia-like phenotype induced by social isolation, which is also reversed by antidepressant treatment, is not mediated by reduced CREB activity in the NAcSh and is presumably mediated by other molecular pathways in this brain region or by other neural circuits. For example, antidepressants have been shown to increase CREB activity in the hippocampus 20, 38 , with CREB overexpression in this region producing antidepressant-like effects 39 . Therefore, perhaps the anhedonia-like phenotype and the reversal of depressive-like behaviors by imipramine that are observed in the social isolation model are achieved in part through a hippocampal CREB-dependent mechanism. CREB function is also implicated in regulating emotional behavior in several additional circuits, such as amygdala and prefrontal cortex 15, 20, 40 , which further underscores the complex mechanisms that are probably involved in anxiety and depression syndromes.
Although we interpreted the increase in ejaculation latency observed in the social isolation model as a deficit in sexual reward, it has not been previously reported as a depression-like phenotype per se. However, other animal models that produce depression-like phenotypes, such as lipopolysaccharide injections or methylphenidate treatment as pups, also increase ejaculation latency 24, 25 . Notably, we found that chronic imipramine administration to non-isolated control animals increased ejaculation latency, similar to the phenotype seen in drug-free isolated animals. This is consistent with both human reports and rodent findings of sexual side effects of antidepressant medications in normal animals and nondepressed humans on antidepressant medications [21] [22] [23] . Together, our findings parallel differences in antidepressant responses seen in normal humans and those with some stress-related disorder. Thus, antidepressants do not produce mood elevating or anxiolytic effects in normal people and sexual deficits caused by depression or anxiety can be alleviated by these treatments in some affected individuals. Likewise, chronic imipramine decreased CREB activity in the NAcSh of normal animals, but increased CREB activity in socially isolated animals. It will be interesting to learn in future studies the molecular basis by which chronic imipramine treatment has opposite effects on CREB activity in the NAcSh, depending on the behavioral history of the animal, as such information could provide insight into the unique effects of long-term antidepressant administration in human populations.
Our microarray findings also led to the investigation of the electrophysiological properties of NAcSh neurons after social isolation.
Prolonged isolation increased expression of seven K + channels, including five voltage-gated K + channels (Kcna1, Kcnd2 and3, Kcnq3 and Kcns2), an inwardly-rectifying K + channel (Kcnj4) and a largeconductance calcium-activated K + channel (Kcnma1). Functionally, these K + channels contribute to action potential shape (Kcna1, Kcnd3 and Kcnq3), membrane potential hyperpolarization (Kcnj4) and neuronal excitability (Kcnma1). For example, Kcnma1 (also known as SLO1 BK channel) is important in mediating neuronal intrinsic excitability 41, 42 . We found it interesting to note that adaptive changes at the channel level are primarily mediated by K + channels. No other channels were changed by social isolation with the exception of one Cl -channel. This is similar to findings from the social defeat stress model, in which four K + channels were upregulated by social defeat in the ventral tegmental area and regulation was not found for any other channels 26 . These findings may suggest that K + channels are the major ion channels mediating neuronal plasticity in the brain in both active and passive stress models.
On the basis of the upregulation of several K + channels in this brain region in socially isolated animals and the reversal of this upregulation by either CREB or imipramine, we hypothesized that dampening the electrical excitability of NAcSh neurons may be a crucial step in the molecular events by which social isolation induces anxiety-like, but not anhedonia-like, symptoms. Indeed, we found that social isolation reduced the excitability of NAcSh neurons, consistent with an upregulation of K + channel expression. These findings are consistent with our recent demonstration that downregulation of CREB per se reduces NAc neuronal excitability 34 . Although we did not observe an effect of CREB downregulation on resting membrane potential in this earlier study, this could be a result of the fact that the prior study examined NAc neurons from early postnatal animals and examined short-term effects of CREB downregulation, whereas the social isolation model involved adult animals and prolonged inhibition of CREB activity. Notably, we also found that chronic antidepressant treatment restored the observed deficits in both neuronal excitability and resting membrane potential that were induced by social isolation. This is one of the first studies to investigate electrophysiological mechanisms underlying deficits produced in adulthood social isolation and their reversal by chronic imipramine treatment.
By artificially mimicking the effect of reduced excitability via viralmediated overexpression of a K + channel in this region in non-isolated animals, we were able to mimic the increase in anxiety-like, but not anhedonia-like, symptoms induced by social isolation. We then found that downregulation of CREB activity in the NAcSh via overexpression of mCREB was sufficient to increase the expression levels of some of these K + channels that are upregulated by social isolation. Although this is presumably not the only pathway underlying these behavior abnormalities, our results suggest a molecular pathological pathway by which social isolation, via downregulation of CREB activity and upregulation of K + channel expression in the NAcSh, induces anxietylike symptoms. This is of particular interest because CREB is traditionally viewed as a transcriptional activator. In this case, however, it would appear that CREB is acting as a repressor of certain genes, and when its expression was decreased, by either social isolation or mCREB overexpression, an increase in particular K + channels was observed. Further work is needed to determine whether CREB serves as a direct transcriptional repressor for these genes or regulates them indirectly via other transcription factors. In addition, our microarray analysis of isolated and control animals under CREB and chronic antidepressant conditions identified numerous molecular pathways that may also contribute to the behavioral phenomena observed here and can be investigated in future studies.
In summary, our data provide new insight into the role of CREB in the NAcSh as a crucial regulator of responses to emotional stimuli ( Supplementary Fig. 2 online) . Prior work has demonstrated that drugs of abuse and active stress induce CREB activity in this region and that this 'high CREB' state is associated with a general blunting of emotional responding, including anhedonia-like symptoms and reduced anxiety-like behavior. In contrast, prolonged social isolation during adulthood decreases CREB activity in the NAcSh and this 'low CREB' state is associated with emotional hyper-reactivity, including profound anxiety. This role for CREB in the NAcSh as an 'emotional rheostat' is consistent with CREB's role as an electrophysiological rheostat of NAc neuronal excitability, with increased CREB increasing NAc excitability and decreased CREB decreasing it, as has been shown both previously 34 and here. Notably, chronic administration of imipramine normalized CREB activity at both extremes: preventing an increase in CREB activity from active stress (data not shown) and increasing it when in the low state (as shown here). In this way, we hypothesize that antidepressants may reverse anhedonia-like symptoms by preventing the induction of CREB activity in the NAcSh during periods of active stress and reversing anxiety-like symptoms when CREB activity is low. Clearly, the situation is far more complex, with anxiety and depression symptoms, as well as sexual behavior, being regulated by numerous molecular mediators not only in the NAc, but in several other brain regions as well 1, 15, 20, 27, 28, 38, 39, [43] [44] [45] . Nonetheless, our findings further characterize the long-term sequelae of social isolation and provide insight into the neural and molecular mechanisms that distinguish anxiety and depression symptoms in a chronic stress model.
METHODS
All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center at Dallas.
Social isolation and imipramine treatment. Sprague-Dawley rats (Charles River Breeding Laboratories) arrived at 7-8 weeks of age and were placed in a 12-h light/12-h dark cycle room (lights on between 7 a.m. and 7 p.m.). They were either housed two animals per cage or isolated one per cage. Testing of the isolated animals began after 10-12 weeks of isolation. In the case of acute imipramine treatment, after 10 weeks of isolation, the animals received either 5 d of oral imipramine (10 mg per kg daily) in their drinking water or chronic imipramine treatment (isolation for 6 weeks with 4 weeks of oral imipramine treatment). Trunk blood levels were taken and measured by high-performance liquid chromatography to ensure clinically relevant levels of the drug (see Supplementary Methods).
Sexual behavior. The sexual behavior of adult male Sprague-Dawley rats (Charles River Breeding Laboratories) was examined as described 10 under red light conditions between 8 p.m. and 2 a.m. Males were given a 5-min acclimation period to the testing arena and testing began thereafter by the introduction of a receptive female to the arena. The first series of sexual behavior and the first post-ejaculation interval were then measured 24 (see Supplementary Methods for additional details).
Elevated plus maze. Rats were tested for the time spent in the open and closed arms of an elevated plus maze (55 cm from the floor, 12 Â 50 cm arms) over 5 min as described 2 . Testing was carried out under controlled light conditions (15-20 lx) and was scored blindly with regards to housing, imipramine or viral conditions. The experimental procedures for other behavioral tests used here are given in the Supplementary Methods. Sucrose preference. The sucrose preference test consisted of a modified twobottle choice procedure, as described previously 24 , in which the animals were given the choice between water and a sucrose solution after initial habituation to two bottles of water for 5 d. At the start of the experiment, animals were allowed unlimited total access to water in one bottle and ascending concentrations of sucrose (0, 0.25, 0.5, 1 and 2% solutions; wt/vol) in the other bottle for 24 h at each concentration. For animals under isolation and imipramine treatment and for experiments using viral-mediated gene transfer, similar methods were used (described in more detail in the Supplementary Methods).
Viral-mediated gene transfer. Surgery was performed on male Sprague-Dawley rats. AAV or HSV vectors were injected bilaterally (1.5 ml per side) over 7.5 min into the NAcSh (relative to bregma: rat, anterior-posterior ¼ +1.8, lateral ¼ ± 2.4, dorsal-ventral ¼ -6.7 mm below dura, with a 101 angle) as previously described 2 . At the end of the experiment, the animals that were used in the behavioral tests were killed by perfusion and the injection placements were evaluated for each animal on 40-mm cresyl-violet-stained coronal sections. Only animals with correct bilateral placements were used for analysis. The injected viruses were HSV-mCREB (a dominant-negative mutant of CREB in which phosphorylation at Ser133 is inhibited by an alanine mutation 2, 18, 46 ), HSV-GFP or HSV-LacZ (encoding control proteins), HSVKir2.1 (a wild-type inward-rectifying potassium channel 34 ), AAV-CREB and AAV-GFP. On the basis of the time course of transgene expression in the NAcSh, animals were tested for behavior between 2-4 d after injection of HSV vectors or 3-4 weeks after injection of AAV vectors, when transgene expression is known to be maximal.
CRE-LacZ activity in reporter mice. CRE-LacZ mice were used in which b-galactosidase is expressed under the control of CREs 10 . The construct, which contains seven CRE consensus sequences in tandem upstream of a minimal somatostatin promoter and the LacZ gene, is flanked by 5¢ insulator sequences (see ref.
2). Adult mice were either housed in groups or singly (socially isolated) for 6 weeks and then injected daily with saline or 10 mg per kg of imipramine intraperitoneally for 4 weeks. A second line of CRE-LacZ reporter mice, which supports lower levels of transgene expression under normal conditions, was used for AAV virus validation 2, 46 (see Supplementary Methods). The mice were killed by perfusion 4 weeks after virus was injected or 4 h post-injection for imipramine experiments. Brain sectioning (40-mm sections) and immunostaining were performed using published procedures 2, 10 . b-galactosidase immunostaining was carried out using a goat antibody to b-galactosidase (1:5,000, Biogenesis), a biotinylated rabbit secondary antibody to goat (1:200) and the biotin-streptavidin technique (ABC kit, Vector Laboratories) with 3,3¢-diaminobenzidine as chromogen. The density of positive nuclei was determined bilaterally in the NAcSh over six sections separated by 120 mm for each mouse using the unbiased stereology program Stereoinvestigator (MicroBrightField). The positive cells were counted blindly with regard to the experimental conditions of the mice.
Electrophysiological recordings. All recordings were carried out blind to the experimental conditions of the rats. To minimize possible stress effects on the recordings, we anesthetized the rats and perfused them immediately for 40-60 s with ice-cold aCSF (artificial cerebrospinal fluid), which contained 128 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 10 mM D-glucose, 24 mM NaHCO 3 , 2 mM CaCl 2 and 2 mM MgCl 2 (oxygenated with 95% O 2 and 5% CO 2 , pH 7.35, 295-305 mOsm). Acute brain slices containing NAcSh were cut using a microslicer (DTK-1000, Ted Pella) in sucrose-aCSF, which was derived by fully replacing NaCl with 254 mM sucrose, and saturated by 95% O 2 and 5% CO 2 . Slices were maintained in the holding chamber for 1 h at 37 1C. The recording external solution (flow rate ¼ 2.5 ml min -1 ) consisted of aCSF without NaH 2 PO 4 , but with 1 mM kynurenic acid and 100 mM picrotoxin added to block ionotropic glutamate and GABA A receptors, respectively. In the experiments for K + channel-mediated responses, 1 mM tetrodotoxin and 200 mM Cd 2+ were used to block Na + and Ca 2+ channels, respectively.
Whole-cell current-clamp recordings, as described previously 34 , were carried out at 34 1C. Recordings were obtained from medium spiny neurons of NAcSh. Patch pipettes (3-5 M) were filled with an internal solution containing 115 mM potassium gluconate, 20 mM KCl, 1.5 mM MgCl 2 , 10 mM phosphocreatine, 10 mM HEPES, 2 mM magnesium ATP and 0.5 mM GTP (pH 7.2, 285 mOsm). Whole-cell recordings were made under continuous singleelectrode voltage-clamp mode (AxoClamp 2B, Axon Instruments) and converted to Bridge mode for current clamping. Data acquisition was made using DigiData 1322A and pClamp 8 (Axon Instruments). Series resistance was monitored during experiments and Bridge was compensated. Resting membrane potential was measured immediately after whole-cell current-clamp mode in the absence of current injection. Current-voltage relationship in normal aCSF (in the absence of Na + and Ca 2+ channel blockers) was obtained by measuring voltage responses for B300 ms. The K + current-voltage relationship was obtained by measuring voltage responses between 1.0 and 1.2 s. The effect of Ba 2+ on NAc neuronal physiology was also investigated.
Microarray analysis. Rats were housed alone for 6 weeks for the social isolation experiments, followed by AAV-CREB or AAV-GFP surgeries, or imipramine or control water treatment 4 weeks before tissue collection. After rapid decapitation and brain extraction, punches of NAcSh were taken and frozen until RNA was extracted. Bilateral punches were pooled for two animals, with three independent tissue samples being used per group. RNA was reversed transcribed into cDNA and labeled for microarray analysis as described 3 . Genes were analyzed by GeneSpring software (Agilent Technologies) and determined to be significant if regulated by at least a 20% (initial experiment) or 30% difference (subsequent experiments), with P o 0.05 adjusted for multiple comparisons.
RT-PCR. HSV-mCREB or HSV-LacZ was injected into the NAcSh as described previously 10 ; 3-4 d later, RNA was extracted from NAcSh punches and cDNA was prepared. Primer sets for Kcns2, Kcnd3 and Kcnj2 were validated and then used on the cDNA generated from NAcSh tissue. All values were normalized to control LacZ samples. For the social isolation experiment, NAcSh punches were taken 10 weeks after isolation, RNA was extracted and cDNA was prepared. All values were normalized to control (double housed) animals.
Statistical analysis. For two group comparisons, student t tests were used. ANOVA was used for experiments that compared effects of housing conditions and drug treatment, and the Bonferroni correction was used for multiple comparisons. Statistics were analyzed using the software packages from Prism (GraphPad Software) and SPSS Statistics (Predictive Analytics Company), and significance was determined at P o 0.05. Data are expressed as mean ± s.e.m. Note: Supplementary information is available on the Nature Neuroscience website.
